The focus of this research work is towards the understanding of the hydraulic and hydrodynamic performance of submerged rigid and elastic plates when exposed to regular waves and quantifying the energy loss attributed to elasticity. For this purpose, four different plates with different flexural rigidities have been chosen for the wave flume experiments for studying the hydroelastic problem over a range of rigidity parameters. Furthermore, variation of pressures, reflection and transmission characteristics due to regular waves acting on flexible plate were investigated. Based on the systematic experimental study and investigation of the results it was found that the elasticity in the plate significantly improves the performance of the horizontal plate as a wave barrier in the lower B/L (Relative plate width) region where the rigid plate is not effective. The enhancement in energy loss due to higher harmonic generation is about 20-30%.
INTRODUCTION
Submerged horizontal plates are common structures used in coastal and offshore engineering for several applications. In most of the earlier studies, the submerged horizontal plate is considered as a submerged breakwater using theoretical or physical model study. Most of the authors studied about reflection and transmission characteristics, efficiency of the submerged plate. A submerged horizontal plate has been suggested as a wave controller about 20 years ago (Graw, 1992) , as it minimises the resistance to water circulation and maintains migration of marine life. Hence, it is also said to be an environmental friendly solution. However, some hydrodynamic issues are still persisting in this configuration, such as the hydrodynamics pressure acting on the plate, the role of vortices arising at the edges of the plate and the harmonic generation of the submerged plate.
For civil engineers it is necessary to predict the roughness of the sea in the vicinity of coastal structures. The higher harmonics debase sailing conditions and it is necessary to take account of their effects. A few researchers have studied the generation of harmonics and their energy transfer towards the higher harmonics using experiments and numerical model for understanding the mechanism of wave damping by flexible motion. Dick and Brebner (1968) noticed the submerged horizontal plate. It was reported that 30 to 60% of incident wave energy was transferred downstream the structure through harmonic modes. In an experimental study investigating the performance characteristics of submerged breakwaters, Dattatriet al. (1978) pointed out rather complex forms of the transmitted waves, which indicated the presence of higher harmonics. Brossard and Chagdali (2001) investigated experimentally the higher harmonic waves generated by a submerged solid plate as a result of the wave-structure interaction in the wake of the plate. It was noted that vortices produced at the edges of the plate take part in the production of higher harmonics by nonlinear interaction with the free surface but involve, at the same time, a dissipation process that reduces the transmitted wave's amplitudes. Brossard et al. (2009) re-examined the nonlinear wave scattering by a submerged plate and a submerged rectangular step, focusing on the second higher harmonic free waves downstream of the submerged object. The experiments were carried out in the same wave flume as in Brossard and Chagdali (2001) . It was found that the plate is more efficient than the step at dissipating wave energy through wave breaking. It was also found that the transfer of energy from the fundamental waves to higher harmonic waves is significant for cases of small submergences. They also provided detailed information on the phase changes of first and second order waves over the plate. For submerged thin plates, however, the flows above and beneath the plate will meet in the vicinity of the two ends of the plate, possibly resulting in smaller vortices when compared with the vortices generated by a step of the same length and submergence, i.e. the wave energy dissipation due to vortex shedding should be generally weaker for a submerged plate than for a submerged rectangular step.
By examining the various applications of the submerged plate in coastal and offshore environment from the earlier studies, it is clear that the proper understanding of the basic mechanism and fluid physics around the plate would give a better idea leading to cost effective design. The present study aimed to quantify the amount of energy loss that is attributed to elasticity. Hence, plates with different elasticity were chosen for the present study. The plate properties and the details of the experiments are discussed below.
WAVE FLUME EXPERIMENTS
The experimental investigations were undertaken with a view to bridging a knowledge gap with regard to hydroelastic interaction of submerged elastic plates, in terms of wave attenuation and energy loss. Such an experimental study is also essential for validation of any numerical techniques used for modeling similar physical processes. The experimental investigations on interaction of 2D regular waves with submerged elastic plates were carried out in a 30 m long and 2 m wide shallow water wave flume at the Department of Ocean Engineering, Indian Institute of Technology Madras, India. A formal dimensional analysis was carried out before the experimental program and the same is presented below.
Dimensional analysis
Using Buckingham's π theorem, dimensional analysis was carried out and the non-dimensional parameters for the hydrodynamic problem were identified. The independent variables involved in the present problem are B, L, H, d, d', R, E w . The dependent variables, namely the reflection, transmission and energy loss coefficients, hydrodynamic pressures for a submerged plate may be expressed in terms of the following dimensionless parameters.
(1) Whereas, K r (= H r /H i ) is reflection coefficient; H r is reflected wave height; H i is incident wave height; The details of the experimental variables and their ranges are provided in Table. 1. A comprehensive list of non-dimensional parameters and their ranges pertaining to the present study are provided in Table  2 . 
Testing facility
The experimental investigations were carried out in a 30 mlong, 2 mwide and 1.7 mdeep wave flume in the Department of Ocean Engineering, Indian Institute of Technology Madras, India. In the flume, the water depth can be varied from 0.25 m to 1.0 m. A computer controlled piston type wave maker is installed at one end of the wave flume. The wave maker is capable of generating regular waves of different wave heights and frequencies, as well as random waves of pre-defined spectral characteristics. The other end of the flume is provided with a rubble mound artificial beach to absorb the incident waves.
Model details
The submerged elastic plate models are made of polypropylene and polyethylene sheets of size 1600 x 1000 x 1.5 mm stiffened all around by an aluminium flat of size 30 x 3 mm using rivets. This was needed in order to correct the initial deflection of the elastic plate models EP1, EP2 and EP3. The submerged rigid plate model (RP) is made of Perspex material of size 1600 x 1000 x 10 mm. The plate model is positioned in the wave flume using the support provided by a supporting frame. The supporting frame is fixed to a platform placed over the sidewalls of the flume. The supporting frame is made of channel sections while the platform is a rigid steel framed structure. The model is attached to the supporting frames by means of sandwiched mild steel flats. The plate is therefore arrested from the translational and rotational modes of motions. A definition sketch depicting the various experimental variables is presented in Fig.1 .
Experimental procedure
In order to meet the objectives of the test program, as set out earlier, a series of tests were carried out by varying the depth of submergence of the plate (d') for all the three elastic plates (EP1, EP2, EP3) and the different wave periods with different wave heights for rigid plate (RP). The plate was fixed horizontally with the particular depth of submergence at a distance of 15m from the wave generator. Schematic sketch of the plate model in the wave flume is shown in Fig.2 . A constant water depth of 1m was used for the entire study. Two wave gauges were positioned in front of the model on the seaward side to register the incident wave elevations. And a third wave probe was kept at 1.5m away from the model on the leeward side for recording the transmitted waves. Six numbers of pressure transducers were fixed to the plate to measure the dynamic pressure on the top of the plates. Six numbers of inductive type potentiometers were used to measure the deflection on the elastic plate. Calibration was done before every new set of experiments in order to minimize the possibility of changes occurring due to any environmental or experimental condition. A total of 336 runs with different rigidity, submergence, wave periods and heights were conducted for regular waves.
RESULTS AND DISCUSSION
Typical time histories for incident wave, transmitted wave for the submerged plates, deflections and the dynamic pressures are shown in Figs. 5a , 5b, 5c, 5d, 5e and 5f. It may be observed from the time histories that regular waves and corresponding responses are obtained after initial transients for about 3 cycles. The measurements corresponding to the stationary period is used for further analysis. Furthermore, it is observed that the pressures and forces exhibit presence of high frequency components, requiring in-depth analysis.
Role of elasticity in improved hydraulic performance of the plate
Relative plate width (B/L) is one of the main parameter in studying the hydrodynamic behaviour of the submerged plate as this parameter dictates the nature of interaction between the wave and the plate. In the present study, the width of the plate was kept constant and the length and height of the waves were varied. In order to understand the efficiency of the submerged plate as a wave damper, the reflection, transmission and energy loss coefficients are plotted with respect to relative plate width. Prior to presentation of the test results, they are compared with linear diffraction solution. In order to present a comparison of the present experimental results, the numerical results are obtained for transmission and reflection coefficients for rigid plate and the same are presented in Fig.6 . Fig.7a and 7b present respectively the variation of reflection and transmission coefficients with respect to relative width of structure, B/L, for the four different plates (RP, EP1, EP2, EP3). For the present study, three different wave heights were chosen and water depth conditions pertain to intermediate to deep water. As universally known, the reflection coefficient increases with the increase in the B/L while the transmission coefficient decreases with the increase in B/L. When the B/L ratio is 1, maximum reflection and minimum transmission occurs since the plate width is equal to the wave length. Further investigations of the plots reveal that the plate with higher flexibility produced higher reflection coefficient and lesser transmission coefficient. It is observed that the most elastic plate tested shows appreciable improvement of with significant reduction in . The average improvement in is about 20% for B/L= 0.1 and is maximum at about 40% for B/L≥0.6. This is appropriate to all flexible models tested. However, the reduction in is not proportional to the . The improvement in (reduction) is about 40-60% in the entire range of B/L.
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Volume 3 · Number 3 · 2012 Here, it is interesting to note that there is significant improvement in the performance of the plates in the long wave region (lower B/L). In order to understand this further, the energy loss coefficient, K l is brought out and is shown in Fig.7c . The figure suggests that the submerged elastic plate as a wave damper has significantly attenuated wave transmission characteristics by nearly 50% in the range of B/L considered by means of energy lost at the plate in terms of viscous effects and plate bending. This observation suggests that a specific role is played by the elastic property of the plate in order to attenuate the waves in a better manner.
The plot shows that the rigid plate model yields a minimum reflection of 0.2 when the B/L is 0.192. However, as the plate is made more flexible, the reflection coefficient increases by about 50% to 0.3. This increase is only marginal by about 15-20% at the higher values of relative width tested. the other hand, as for the K t , the reduction when the B/L is 0.192 is about 50%, from 0.8 to 0.4. The reduction is by the same percentage at B/L of 1.0, reducing the K t from 0.2 to 0.1.
Plate deflections
The interaction between fluid and structure in most problems can significantly affect the resulting wave system and hence it needs to be taken into account in the final analysis.In order to understand the effect of elasticity and structural response on the performance of the plate, the deflection of the plate was measured for all the four types of plates. During the wave flume experiments, deflections were measured at six locations on the plate in the direction of the wave. The deflection of the rigid plate was observed to be negligible. In order to present the results of plate deflections precisely, the nondimensional maximum deflections at the two seaside locations (∆1, ∆3) are presented as function of the structure-wave parameter, R (Figs.8a & 8b) .
It is to be recalled that, since R is proportional to rigidity, higher value of R means higher stiffness of the structure. The results are plotted for the three seaside locations for the relative submergence of 0.1 and H/d of 0.05. Of course, the plate with least rigidity (lower R) showed highest deflection.
Furthermore, the deflection at the edge of the plate (∆1) is highest in comparison with other locations (∆2 and ∆3). The variation of ∆ for each location falls into a general trend with respect R. Considering the fact that R comprises of all rigidities, wave lengths and wave heights are included in the parameter R, scaling the rigidity with the wave parameters seems appropriate in representing the relative rigidity of the plate with reference to the energy available in the wave. The maximum nondimensional deflection at the edge (∆1) of the elastic plates EP1, EP2, EP3 is 0.18, 0.22, 0.24 respectively. However, the non-dimensional deflection at the innermost point (∆3) for elastic plates EP1, EP2, EP3 is 0.07, 0.06, 0.05 respectively. A similar behaviour is also seen in the leeside deflections (∆4, ∆5, ∆6).
Based on earlier studies, it may be recalled that there are definite vortex shedding on the leeside of the plate. It was reported that for each wave cycle two vortices of different strength develop at the shoreward edge of the fixed (or rigid) plate. However, if the structure is allowed to flap as in the present case, the number and size of vortices may become more depending on the level of deflection present in the plate. In the case of the flexible plate, lesser K t and higher K r was observed. It is also observed that the energy loss coefficient, K l , is higher for larger wave length (B/L=0.192). Due to the larger structural oscillation, larger size of vortices is produced trapping more energy which results in higher energy loss. In general, it is concluded that presence of elastic deformation in the plate had led to improved energy loss. Further, increase in loss coefficient is observed to be higher in the lower range of B/L. Indeed, almost no difference exists in the loss coefficient between rigid and elastic plates in the higher B/L range of 0.5-1.0. This explains the significant reduction in for the case of elastic plates in the lower B/L range. Thus, it is inferred that the elasticity in the plate has significantly improved the performance ofthe horizontal barrier in general and in the lower B/L region in particular where the rigid plate is not effective.
Frequency components of harmonic generation in elastic plates
It may be recalled that the plate deflections discussed earlier and the pressures depicted some of high frequency components in time domain and also in the instantaneous profiles. Frequency domain representation of the data will reveal whether the presence of high frequency components can be consistently observed and related to wave and structural parameters. Hence, a spectral analysis of pressures and deflections were carried out. These analysis are presented here only for the leading and trailing edge of the plate (P1 and P6).Typical spectral density functions for seaside (P1) and leeside (P6) pressures and deflections at the seaside (∆1) and leeside (∆6) for the EP3 for various B/L are given in Figs.9a-9d .
The high frequency components could be either due to vortex shedding from the plate or vibrations of the plate.This is verified further by obtaining the spectral density function of the deflections. However, no trace of high frequency oscillations could be found in the deflection of the plate except few cases with the minimum magnitude. Thus, it is confirmed that higher harmonics in pressures are generated due to vortices that are shed from the plate. Since 1 st , 2 nd and 3 rd harmonics are present, it is inferred that vortices are shed at these frequencies thus causing high frequency pressures and energy dissipation in the form of energy trapped in these vortices. Thus, a major effect of flow separation is to decrease the amplitudes of the transmitted waves and to change their shapes. In most of the previous studies often assumed that the loss of energy in the surface wave train is transferred from the waves to the vortices, which is then converted into heat by viscous dissipation.
In addition, the occurrence of separation necessarily increases the rate of energy dissipation through turbulence production and viscous shear so that loss of energy in the waves is not balanced by production of vortex energy. When the vortices decay this energy is eventually converted into heat by viscous dissipation. These results indicate that viscous shear during the vortex generation process contributes significantly to the separation loss.
A few earlier studies on horizontal submerged plate concluded that the harmonics produced by the submerged plate when the relative submergence is less (Dattatri, 1978; Ting and Kim, 1994; Brossard et al. 2000 and Brossard and Chagdali, 2001) . In those studies, it is reported that the energy loss attributed to higher harmonics (vortex damping) is approximately 10-20 %. In the present case, since the effect of elasticity is also involved, the energy dissipation is observed to be 30-40%.
CONCLUSIONS
Experimental investigations on the hydrodynamic performance of elastic plates in waves were carried out. The salient conclusions obtained from the present study are brought out as follows:
1.
The performance of submerged plate as a wave damper/barrier is characterised in presence and absence of elasticity in terms of wave deformation characteristics, deflection of the plate, wave induced pressures and forces. 2.
The average improvement in is about 20% for B/L= 0.1 and is maximum at about 40% for B/L≥0.6 for the elastic plates. The improvement in (reduction) is about 40-60% in the entire range of B/L). The maximum K t with elastic plate will be 0.5 in the range of B/L from 0.192 to 1. 3.
In general, it is concluded that presence of elastic deformation in the plate had led to improved energy loss. Higher deflection would result in larger size of the vortices, thus trapping more energy and enabling effective dissipation. In the present case, since the effect of elasticity is also involved, the energy dissipation is observed to be 30-40%.
4.
The results suggest that a specific role is played by the elastic property of the plate in order to attenuate the waves in a better manner. Thus, it is concluded that the elasticity in the plate significantly improves the performance of the horizontal barrier in the lower B/L region in particular where the rigid plate is not effective. Brossard, J., Perretb, G., Blonceb, L. and Diedhiou, A. (2009) 
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